The importance of accounting for the temperature-dependence of air properties in numerical simulations of air flows over pinned heat sinks is demonstrated by comparisons with recently published experiments. Numerical simulations, based on a conjugate heat transfer analysis, using the RANS-based modified k-turbulence model, with temperature-dependent air properties are shown to be in significantly better agreement with experimental measurements of pressure drop, heat transfer coefficient and heat sink base temperature, than those which employ constant air properties.
INTRODUCTION
Rising heat flux densities are presenting the micro-electronics industry with a number of formidable challenges in providing adequate cooling to avoid thermally-induced failure modes [1] . This paper considers the most popular approach to micro-electronics cooling, recently shown to account for more than 80% of its thermal management solutions, namely convective heat transfer to air as it flows over a network of extended surface fins on a heat sink [2] . Although plate fin heat sinks (PFHSs) are the most common heat sink designs [3] , a number of recent studies have demonstrated the benefits of employing strip [4] , and pin fins are more effective turbulence promoters which break up the thermal boundary layer that would otherwise form over the heat sink [5] and [6] .
These studies have also shown that perforating the fins in heat sinks can offer substantial performance benefits for micro-electronics cooling, enabling lower processor temperatures to be achieved with less mechanical power consumption. Al-Damook et al [7] , for example, used complementary experimental and numerical methods to explore the benefits of using multiple pin perforations in pinned heat sinks (PHSs) and Al-Damook et al [8] have reported the benefits of optimum rectangular slotted and notched pin perforations, while Al-Sallami et al [4] extended this work to consider the benefits of multiple perforations and fin arrangement for heat sinks with strip fins. However, as in previous numerical simulations of thermal air flows over heat sinks, both studies ignored the variation in air flow properties that inevitably results from the temperature variation across heat sinks and proposed that the discrepancies of up to 15% that they found between their experimental measurements and numerical predictions may be due to the practical difficulties of achieving exact perforation alignment and additional thermal resistance and surface roughness induced during the manufacturing process. This paper demonstrates that the discrepancies between experiment and theory for thermal airflows over heat sinks can be reduced significantly by accounting for temperature-dependent air properties in the numerical simulations. The paper is organised as follows. Section 2 describes the conjugate heat transfer model for the thermal airflows past the PHS under consideration and the numerical methods to solve them. Numerical solutions for with and without temperaturedependent air properties are compared with the recently-published experimental data of AlDamook et al [7] in Section 3 and conclusions are drawn in Section 4.
NUMERICAL METHODS

Geometry description and governing equations
The aluminium PHS configurations considered here are those studied experimentally by AlDamook et al [7] , with base dimensions 50mm x 50mm x 2mm an array of equally spaced pins (with 6.5mm separation in the longitudinal and transverse directions) of circular cross-section of diameter and height 2mm and 10mm respectively. Thermal airflows past PHS configurations with solid pins (0P) and perforated pins (3P), as defined in Figure 1 , are considered.
A conjugate heat transfer model is used, where the thermal airflow through the PHS is analysed where ks=202W/m.K is the thermal conductivity of the aluminium heat sink. Turbulent airflow through the PHSs is modelled using Reynolds-Averaged Navier-Stokes (RANS) equations, Zhou & Catton [9] , where the continuity, momentum and energy equations have variables decomposed into mean and fluctuating components, leading to:
are the Newtonian and Reynolds Stress tensors respectively, is the air viscosity, its density, U and ' U the average and turbulent fluctuation velocity vectors respectively, p is the pressure and I the unit tensor. The RANS equations are solved with the energy equation for the temperature field in the fluid, Tf, with a heat source Watts, using the following equation
where Cp is the specific heat capacity of the air, Pr and are the Prandtl number and kinematic viscosity of the air respectively and the subscript t indicates their turbulent counterparts.
Following Al-Damook et al [7] and Zhou & Catton [9] the thermal airflow through the heat sink is modelled using the k-SST model and the effects of radiative heat transfer are neglected. The equations for the SST model are not reproduced here for reasons of brevity.
Computational domain and boundary conditions
The computational problem is reduced in size by exploiting the symmetry of the PHS to apply symmetry boundary conditions along the sides of the channel (Figure 3 ). This domain should be far enough at the entrance and exit regions of heat sinks to avoid any reverse flow and the side effects of boundaries. Therefore, the entrance and exit regions are a distance of 12.5d away from the heat sink in the X-direction of flow. . The variation of viscosity ( ), density ( ), thermal conductivity (k), and thermal capacity (Cp) with temperature is accounted for using the data from ̧engel et al [11] shows in Table 1 . The CFD model accounts for their variation by calculating their values at specific temperatures by linear interpolation between the data points in Table 1 .
Results and Discussion
The conjugate heat transfer model used here has been validated previously against a range of experimental and numerical data, see Al-Damook et al [7] , [8] and [12] . A brief set of results is now presented which demonstrate the benefits of incorporating temperature-dependent viscosity Table 1 . These are compared against the experimental data of Al-Damook et al [7] for PHSs with solid (0P) pins and pins with three circular perforations (3P).
Effect of variable air properties on pressure drop
Mechanical energy is required to overcome the pressure drop, P, that results from flow over a heat sink. It is therefore important to reduce P and the associated fan power required to overcome the pressure drop, Pfan=U.Ac. P, where U is the inlet air velocity and Ac is the crosssectional area of the flow passage of the heat sink=H.Sz. (N-1) , where Sz is the uniform pin spacing. Figure 5 (a) compares predictions of P against the experimental data. Note that the use of perforated pins results in reductions in P of up to 9%, Al-Damook et al [7] . For the solid and perforated pins, the pressure drops predicted using constant air properties are typically 10% lower than the experimental data, whereas for predictions using variable air properties the error has halved to around 5%. It is likely that this improvement is due to the increase in viscosity as the air temperature raises that required higher pressure drop to push the air through the heat sink. Figure   5 (b) shows the effect that this improvement has on predictions of the fan power consumption, Pfan. The error numerical predictions of Tcase with constant thermo-physical properties is nearly 3% and 5% for 0P and 3P heat sink models respectively, while with variable thermo-physical properties are typically 2% and 4% for 0P and 3P heat sink models respectively (1.5 o C larger) and therefore closer to the experimental results than with constant air properties.
Effect of variable air properties on heat transfer
Conclusion
This paper is the first to quantify the benefits of accounting for thermal variations of air properties on the accuracy of numerical predictions of thermal airflows over heat sinks. It has shown that the discrepancies between the experimental and the numerical prediction with constant air properties of up to 15% can be reduced to between 5-10% when variable air properties are incorporated into numerical simulations, as shown on Table 2 . It is likely that the main factor that should be accounted for is the air viscosity which rises significantly with temperature, causing increased pressure losses and reduced heat transfer over the heat sink, in line with the recent experimental data of Al-Damook et al [7] . Based on this study, it is recommended that the variable air properties should be accounted for in future heat sink thermal air flow simulations. 
